Synthetic chemists have provided a wide array of supramolecular assemblies able to encapsulate guest molecules. The scope of this tutorial review focuses on supramolecular host molecules capable of reversibly encapsulating polyatomic guests. Much work has been done to determine the mechanism of guest encapsulation and guest release. This review covers common methods of monitoring and characterizing guest exchange such as NMR, UV-VIS, mass spectroscopy, electrochemistry, and calorimetry and also presents representative examples of guest exchange mechanisms. The guest exchange mechanisms of hemicarcerands, cucurbiturils, hydrogen-bonded assemblies, and metal-ligand assemblies are discussed. Special attention is given to systems which exhibit constrictive binding, a motif common in supramolecular guest exchange systems.
Introduction
Supramolecular chemistry exemplifies the adage that the whole is often greater than the sum of the parts. By this we mean that the final structure and properties of supramolecular assemblies are often more remarkable than the simple building blocks. Most students in an introductory chemistry course have seen the dramatic difference in the properties of a supramolecular assembly and its subunits in the starch test for iodine. In the presence of iodine, the starch helical sugar polymer, composed of α-1,4-linked glucans, encapsulates a number of linear I 2 molecules (Figure 1) . 1 This host-guest complex, with iodine molecules trapped inside an amylose helix, has a characteristic blue color which allows for the identification of iodine.
Nature often uses simple and identical subunits as the building blocks of highly complex supramolecular assemblies, many of which have biological importance. The protein apoferritin, for example, is self-assembled from twenty-four identical subunits creating an assembly with octahedral symmetry and an internal cavity of over 230 nm 3 ( Figure 2 ). 2 This iron-transport protein can hold up to 4500 iron atoms as ferric hydrous oxides. Such assemblies often rely on a variety of weak supramolecular interactions such as hydrogenbonding, π-π interactions, and van der Waals interactions to hold the subunits together. Following Nature's lead, synthetic chemists have made sizable efforts in the formation of highly complex supramolecular assemblies built from simple building blocks.
The overall structures and properties of these assemblies are quite diverse, with internal cavities ranging from a few cubic angstroms to over a cubic nanometer. 3 Using design strategies similar to Nature, interactions such as covalent bonds, electrostatic attractions, metal-ligand bonds, and hydrogen bonding have been used to form the 'glue' holding subunits together. Synthetic assemblies have been used to encapsulate a variety of guest molecules, stabilize reactive intermediates, and even facilitate chemical reactions. 3, 4 Without covalent bonds to bind the guest molecules to the interior of supramolecular assemblies, guests are often free to exchange from the interior to the exterior of the host cavity. The process of reversibly exchanging one guest for another offers many questions on the mechanism of this process. Is host deformation required for guest exchange? Does the host dissociate during guest exchange? What influences do the size and chemical functionality of the guest have? These are questions relevant to guest exchange mechanisms, and often small changes in the guest or host can dramatically change the dynamics of the exchange process. Mechanistic studies of the method of guest encapsulation (ingress) and guest ejection (egress) are important for understanding how both structural and chemical features of the host are involved in guest exchange. Furthermore, as much recent focus has been placed on carrying out chemical reactions inside of synthetic supramolecular assemblies, determining the mechanism of guest exchange is imperative for understanding the often altered reactivities caused by encapsulation of reactants inside of supramolecular hosts. This review will be divided into two sections. The first part will focus on means of monitoring guest exchange and will provide references to the experimental methods outlined.
The second portion will provide representative examples of guest exchange mechanisms for a variety of supramolecular systems. This review is not intended to be a comprehensive survey of all host-guest systems able to encapsulate guests, but rather illustrative by focusing on characteristic host systems able to reversibly encapsulate polyatomic guest molecules.
Methods of Monitoring Host-Guest Exchange
Classical methods of physical organic chemistry are the primary tools for characterizing guest encapsulation and guest exchange processes. Van't Hoff thermodynamic analysis, monitoring the extent of guest inclusion or using competition experiments with a guest of known binding affinity, over a range of temperatures, allows for thermodynamic values such as ΔG°, ΔH°, ΔS°, and K eq to be determined. Guest encapsulation is often highly entropically driven (discussed in part 3), and the magnitude of the entropic and enthalpic contributions can provide valuable information on changes in the entire system. One potential problem with van't Hoff studies is that ΔH° and ΔS° are both directly determined from equilibria as a function of temperature and therefore are statistically correlated. Consequently, any uncertainty or error in one parameter can be manifested and corrected for in the other parameter. This can lead to the phenomenon of entropy-enthalpy compensation which has been reviewed at length. 5, 6 Interestingly, a recent review of over 2000 hostguest systems has found that the intrinsic binding constants for guest inclusion appear to be relatively constant (ΔG° = -4.6 ± 2.1 kcal/mol).
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If the net binding energies of guest molecules are invariant, then enthalpic and entropic contributions must compensate in these systems. Taking this into consideration, enthalpic and entropic contributions to guest encapsulation must be viewed with caution as it is difficult to determine if the compensatory effects are real or a statistical propagation of error. A number of methods have been proposed to test the validity of entropy-enthalpy compensation and allow for statistical abnormalities to be separated from real entropic and enthalpic compensation effects. 8 However, measuring the reaction enthalpy directly, using calorimetry for example, can remove the statistical correlation between ΔH° and ΔS°.
In host-guest systems with exchanging guest molecules, Eyring analysis can be used to extract the activation parameters of guest exchange (ΔG ‡ , ΔH ‡ , and ΔS ‡ ). These activation parameters can be extremely useful in determining changes in the host molecule during guest exchange. The most common method of rate determination is following the ingress of a guest into an empty host or monitoring the egress of a guest. Similarly, rates of guest replacement can be obtained by monitoring the replacement of an initial guest with a final guest. A third method of measurement is that of self-exchange, the exchange of one guest molecule for another where both guests have the same identity. However, activation parameters determined by Eyring analysis are subject to the same forms of entropy-enthalpy compensation.
One thermodynamic parameter that is often neglected is the change in volume of the reaction (ΔV°). For most host-guest systems, the net deformation, either expansion or contraction, of the host is negligible upon encapsulation of a guest molecule. Therefore, the transition-state volume of activation (ΔV ‡ ) is often a more useful since it gives information directly linked to the transition state of guest exchange. This can be measured by monitoring the rate of guest ingress or egress at varying pressures. Although there is no thermodynamic link between ΔV ‡ and ΔS ‡ , these two thermodynamic quantities often appear to be correlated. For example, in classical coordination chemistry, during an associative ligand exchange process, the association of a ligand is entropically disfavored (negative ΔS ‡ ) and also leads to a compact transition-state structure, translating into a negative ΔV ‡ . Hence, analysis of volumes of activation should be used with a combination of other activation parameter measurements.
NMR Spectroscopy
Nuclear magnetic resonance (NMR) is the most prevalent, and often most useful, method of monitoring host-guest systems. Although supramolecular systems are often highly complex, they are also often highly symmetric, which can lead to greatly simplified NMR spectra. This simplicity can aid detection of guest molecules, but it can also hide small timeaveraged structural changes in the host.
The standard thermodynamic quantities such as ΔG°, ΔH°, ΔS°, and K eq are easily measured by NMR. Furthermore, recent advances in high-pressure NMR have made variable pressure experiments, used for determining ΔV° or ΔV ‡ , much more attainable. 9, 10 The combination of these methods make NMR characterization the primary method of obtaining thermodynamic data for guest encapsulation. A number of experiments unique to NMR have been used to monitor host-guest systems.
Diffusion-ordered spectroscopy (DOSY), for example, allows for measurement of diffusion coefficients in solution.
Host and guest molecules diffusing at an identical rate through solution are characteristic of a stable host-guest complex. In addition, weaker ion-pairing interactions can also be observed using DOSY. Numerous applications of DOSY, including similar NMR experiments such as pulse gradient spin echo (PGSE) DOSY, that can be applied to supramolecular chemistry have recently been reviewed. 11 One of the most common NMR methods for characterization of supramolecular assemblies is nuclear Overhauser effect spectroscopy (NOESY), which allows for through-space rather than through-bond observation. NOESY is often used to show guest inclusion and can yield valuable information on the relative proximities of guest molecules with different parts of the host. Although mainly used for qualitative observation, NOE studies have also been used to accurately determine the solution structure of encapsulated guests. 12 Sharing an identical pulse sequence with NOESY, EXSY (Exchange Spectroscopy) allows for measurement of chemical exchange rates. The practical difference between NOESY and EXSY is that NOESY measures rates of spin relaxation, whereas EXSY measures rate of exchange. Therefore, using EXSY spin saturation transfer experiments, the rate of guest exchange can be measured. 13 Similarly, the Selective 
Mass Spectrometry
The high symmetry inherent to most supramolecular assemblies can lead to difficulties assessing the exact stoichiometries of host-guest complexes by many solutionbased methods of characterization.
Mass spectrometry, however, allows for a convenient assessment of the exact stoichiometry based on the mass and isotopic composition of observed ions. One unique benefit of mass spectrometry is that the transition from solution to the gas phase during ionization greatly affects the strengths of weak interactions often involved in supramolecular architectures. For example, in solution, assemblies held together by hydrogen-bonding are easily disrupted by the presence of hydrogen bond donors or acceptors from either protic solvent or other host molecules. In the gas phase, however, hydrogen bonding is greatly strengthened as competitive hydrogen bond donors and acceptors are removed. Similarly, electrostatic interactions such as ion-pairing are greatly enhanced in the gas phase as the competitive solvation of the ion-paired molecules is eliminated. However, other forces, such as van der Waals interactions and hydrophobic interactions are substantially weakened as the entropic driving force for dissociation in the gas phase is often too great.
Unlike in solution where guest exchange is a dynamic process, in the gas phase guest ejection is essentially irreversible. Therefore, while solution studies show the thermodynamic stability of host-guest complexes, kinetic stability plays a more important role in the gas phase. Similarly, in the high-vacuum environment of mass spectrometry experiments, the entropic contributions of guest encapsulation are greatly affected. While guest ejection is often entropically disfavorable in solution due to the loss of degrees of freedom of the solvent molecules solvating the ejected guest molecule, dissociation of the host-guest complex is entropically favorable in the gas phase.
Despite these differences, selective binding can be studied in the gas phase. However, both the method and matrix used in sample preparation can dramatically influence the relative intensities of species, thereby making quantitative studies difficult. Mass spectrometry measurements of binding should be compared with solution-state data and can provide valuable information on the role of solvation. This type of comparison is common in other systems, with the most prevalent example being a comparison of solution-state acidities and gas-phase proton affinities. Such topics and other implications of mass spectrometry in supramolecular chemistry and molecular recognition have been recently reviewed in detail. 14 
UV-VIS and Related Spectroscopies
UV-visible spectroscopy can be a useful tool in monitoring chemical reactions and chemical equilibria. This method requires that either the supramolecular host molecule or the guest species have absorption bands accessible in the UV-VIS region. If neither the host nor the guest molecules are UV-VIS active, then a competitively binding guest with a chromophore can be added and the overall guest exchange process monitored by differential UV spectroscopy. 15 Similarly, if either the host or guest is fluorescent, then changes in equilibria can be monitored by fluorescence spectroscopy. Generally, if either the host or guest molecules possess aromatic character or incorporate metal-ligand interactions, then the overall system can be monitored by UV-VIS spectrometry. Monitoring the rates of exchange one guest for another or the equilibria at different temperatures provides the thermodynamic parameters for the guest encapsulation. One benefit of this method is the ease of experimental setup and the ability to monitor very dilute solutions in a wide variety of solvents.
Many natural supramolecular hosts, such as cyclodextrins, consist of chiral building blocks, and numerous synthetic hosts are also chiral.
Circular dichroism (CD), which measures the differential absorption of right-and left-handed circularly polarized light, can be used to monitor these chiral complexes. This spectroscopic method can be advantageous because changes in the CD spectrum upon inclusion of guest molecules are often enhanced over the UV-VIS spectra. 16 This allows for higher sensitivity and greater concentration ranges to be accessible.
Electrochemistry
Electrochemistry can be a valuable tool for characterizing supramolecular systems and can provide useful information on guest exchange dynamics. Electrochemical methods rely on either the host or guest being electroactive. One of the most important electrochemical concepts in the field of supramolecular chemistry is redox-switching. The underlying principle is that the oxidation state of the guest (or host) influences the thermodynamic stability of the host-guest complex. When strong host-guest binding can be induced electrochemically, separate redox waves for the bound and unbound states can be observed in some cases, providing information on the concentration of each species.
Redox-switching can be diagrammed by a reversible oxidation and reduction, each leading to a different binding constant (K 1 and K 2 ) based on the oxidation state of the host or guest (Figure 3 ). For the purpose of this scheme, it is assumed that the reduced guest (G − ) has a higher binding affinity with the host than the neutral guest (G). The magnitude of K 1 is of great importance. If K 1 is large, then the host-guest complex is already formed in solution and the reduction of G occurs inside of the assembly, so the rate of diffusion of G does not affect the rate of guest encapsulation. However, if K 1 is small, then the free guest is reduced in solution and the rate of encapsulation of the reduced guest (G − ) becomes diffusion limited. In either of these systems, the enhanced thermodynamic stability of the host guest complex with the reduced guest is measured as K 2 /K 1 and is called the binding enhancement. Ultimately, for host-guest systems able to encapsulate species of a specific charge, electrochemical reduction (or oxidation) of guest molecules can provide a precise method of initiating forced guest encapsulation, ejection, or exchange. Such stepwise processes allow for both kinetic and thermodynamic analysis of greatly simplified systems and provide invaluable information on guest exchange dynamics.
The implications of electrochemical methods in the field of surpamolecular systems, for both monoatomic and polyatomic guests, have been the topic of recent reviews.
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Calorimetry
For precision thermodynamic measurements, calorimetry is the most exact and unbiased technique. When a guest molecule binds to a host, heat is either released or absorbed. Direct measurement of this heat in isothermal titration calorimetry (ITC) allows for the determination of ΔG°, ΔH°, and ΔS° from a single experiment in which the host complex is titrated with uniform increments of the guest. 19 In comparison to other methods of determining thermodynamic values, calorimetry is the only method for direct enthalpy measurement.
Calorimetry is preferable to van't Hoff thermodynamic studies as ΔH° and ΔG° are determined from a single temperature point, not over a range of temperatures. Van't Hoff analysis makes the assumption that the heat capacity of the system is invariant over the temperature range of the experiment; an assumption which is not needed for calorimetry. Also, anomalous enthalpy-entropy compensation can be avoided by calorimetric methods as measurements of entropy and enthalpy are statistically independent.
The analysis of calorimetric data requires an accurate working model for guest encapsulation, and the influence of these complicated external factors can greatly complicate interpretation. Guest encapsulation can be complicated by factors such as ion-pairing and solvent reorganization, making the formulation of a suitable model for the exchange dynamics problematic. For systems already characterized by other methods, ITC can serve as a powerful method of obtaining unbiased thermodynamic data.
Host Guest Exchange Mechanisms
At a most basic level, the process of guest exchange in supramolecular systems is simply the replacement of a noncovalently bound molecule from the interior of a larger host molecule by a new guest. Either an associative mechanism where guest exchange is a concerted process (S N 2-like) or a dissociative mechanism where guest egress yields an 'empty' assembly which is trapped by incoming guest (S N 1-like) can be imagined.
Depending on the structure of the host molecule, a variety of mechanisms can be envisioned for this process. If the host molecule is held together by weak forces, rupture of the host can permit guest release or exchange. Conversely, if the host is held in a rigid structure, then guest exchange must occur by the guest squeezing through apertures in the host assembly.
Characteristic guest exchange mechanisms in three categories of host systems will be discussed in this review: those held together by covalent interactions, hydrogen bonding interactions, and metal-ligand interactions.
Covalent Assemblies
Hemicarcerands
Pioneering work by Cram and coworkers elucidated the chemistry of a series of hemicarcerands of the structure shown in Figure 4 . The versatile nature of these hemicarcerands allows for the volume of the interior cavity to be changed by modification of the bridging group between the two hemispheres. Similarly, modification of the tail groups of each hemisphere allows for solubility properties to be tuned. Such species have been shown to encapsulate a wide variety of molecules ranging from diatomic gases to large organic and organometallic molecules. 20 The protective interior of these complexes has also been used to stabilize highly reactive species. A classic example is the photochemical generation of cyclobutadiene, (CH) 4 , inside of a hemicarcerand, leading to the first room temperature characterization of this fleeting and highly reactive molecule. 21 In an effort to rationalize the guest exchange pathway, the idea of constrictive binding was introduced by Cram to describe the steric interactions that must be overcome for guest ejection when the apertures of the host are smaller than the guest molecule itself. 22 The fact that guests larger than the portals of the hemicarcerands are able to exchange suggests that the apertures of the assembly are able to expand and contract to facilitate ingress or egress. In such an exchange pathway, smaller guests are able to exchange more rapidly as they require a smaller deformation of the host, whereas exchange of larger guests is retarded due to the required host deformation. Thermodynamically, the constrictive binding energy is the free energy which must be provided to the system to reach the transition-state for guest dissociation from the encapsulated state minus the free energy associated with binding (ΔG ‡ constrictive = ΔG ‡ diss -(-ΔG°)) ( Figure 5 ). This idea immediately applies to the hemicarcerands studied by the Cram group, but as will be shown in the remainder of this review, it is common in other host-guest systems.
Mechanistic studies of guest inclusion in 1 have elaborated the implications of constrictive binding. In monitoring the rate of guest dissociation of (CH 3 ) 3 NCHO ⊂ 1 (⊂ denotes encapsulation), a first-order dissociation constant of 8.5 x 10 -4 min -1 was observed. When the amide hydrogen is replaced with a methyl group, thereby increasing the steric bulk, the dissociation rate of (CH 3 ) 3 NC(O)CH 3 ⊂ 1 drops to 3.4 x 10 -4 min -1 , suggesting a higher activation barrier for guest release.
More detailed mechanistic studies revealed a two step guest-dissociation mechanism in which the guest dissociates from the host capsule to leave an 'empty' host. This vacant cavity is either trapped by solvent or the original guest molecule. Under low concentration of guest the large excess of solvent makes the guest-solvent metathesis essentially irreversible. The first-order guest dissociation step, k 1 , is dependent on the identity of the solvent due to the ability of the solvent to solvate the transition state for guest ejection. By changing the solvent, the rate of guest dissociation varied by over a factor of 150 in the following order:
Van't Hoff analysis of this host-guest system revealed that guest encapsulation is both enthalpically and entropically driven (Table 1) . 23 Superficially, the inclusion of a guest molecule inside of a host would appear to be entropically disfavored; however, this schematic is an oversimplification. Upon guest encapsulation, the solvent molecules that were restricted in motion from solating the free guest molecule are now released into solution, thus driving the encapsulation reaction. This phenomenon has been observed in both hydrogen-bonding solvents and non-hydrogen bonding solvents.
The topic of constrictive binding is not restricted to the specific hemicarcerands outlined above.
Many other carcerands and hemicarcerands display this mode of guest exchange. The commonality of the covalently linked host and inability of the host itself to dissociate requires that portals in the host expand to allow for sterically encumbering guests to exchange though the dilated portals.
Cucurbiturils
Another class of covalently bound supramolecular hosts is the cucurbituril family.
Cucurbiturils are macrocyclic glycourils containing two portals lined with ureido-carbonyl groups ( Figure 6 ). These macrocycles can be constructed in various sizes, but cucurbit [6] uril (2) will be focused on in this section. Both the rich hydrogen-bonding ability and iondipole interactions of the portals and the covalent rigidity of the host contribute to the chemistry of these compounds. The ion-dipole interactions are exemplified by the fact that small cations which are bound in the carbonyl-lined portals are essential for solubilizing 2 in water. The hydrophobic interior, however, favors encapsulation of neutral organic moieties. These two distinct binding environments have profound implications in the mechanism of guest exchange. Despite the seemingly large portals, the steric congestion around the portals creates a barrier for guest passage, leading to constrictive binding. This is manifested by the fact that the thermodynamics of guest binding are not correlated to the kinetics of guest inclusion. Even for large guests with disfavorable interactions with the interior of the cavity, guest egress is greatly slowed due to the steric barrier for guest release. For example, the binding enthalpy for CyCH 2 The two distinct binding environments of 2 have profound implications for guest exchange, creating two distinct exchange mechanisms dependent on the charge of the guest. For neutral guests, as outlined in Figure 7 , the net guest binding has an equilibrium constant K 1 , which is the formal binding affinity of the guest. However, guests must exchange through the portals, so the role of monocations becomes important. The empty capsule is in equilibrium with the 1:1 and 1:2 host:cation complexes with the cations blocking the exchange portals. Of these two, only the 1:1 complex has a vacant portal available for guest ingress.
If the guest itself has a pendent cationic moiety, then the encapsulation mechanism becomes more complicated ( Figure  8 ). The carbonyl-lined portals are able to trap monocations creating a stepwise encapsulation process for cationic guests. The net encapsulation process required can occur by direct guest inclusion or by a stepwise process where the cationic moiety first binds to one of the portals, followed by reorientation of the guest to allow for guest inclusion. With monocationic guests, the organic portion lies within the hydrophobic cavity and the cationic portion occupies one of the portals. For guests with a pendent monocation, the monocation always occupies one of the carbonyl-lined portals. Similar to the mechanisms for neutral guests, 2 is also in equilibrium with the 1:1 and 1:2 monocationic complexes.
Hydrogen-Bonded Host Complexes
Nature often uses weak interactions to hold identical subunits together. Similarly, synthetic chemists have used pre-designed hydrogen-bonding networks to hold monomers together and form impressive supramolecular assemblies. The Rebek group has been responsible for the creation of a variety of 'sportsballs' consisting of small identical subunits held together by rigid hydrogen bonds which create a clearlydefined host with an interior capable of encapsulating a variety of guest molecules and facilitating chemical reactions such as the Diels-Alder reaction. 25 Such complexes are stable in aprotic solvents, and introduction of protic solvents generally disrupts the hydrogen-bonding networks enough to completely dissociate the host molecules. Similarly, the dynamic nature of hydrogen bonds in comparison to covalent bonds allows for partial rupture of the host assemblies. The guest exchange mechanisms of each of the individual hydrogen-bonded assemblies will not be covered in this section; instead, representative examples will be the focus.
The cylindrical host capsule (3) shown in Figure 9 is composed of two identical halves held together by hydrogen bonds. This capsule is able to encapsulate a variety of small molecules and has received much mechanistic study. With no sizable apertures to allow for guest exchange, the hydrogenbonding network which holds the assembly together must be broken to some extent to allow for guest exchange. The host is able to accommodate two molecules of benzene and the rate of benzene exchange was determined by polarization transfer NMR experiments. With increasing benzene concentration, the self-exchange rate increases linearly. However, the nonzero y-intercept in a plot of k exchange versus benzene concentration suggests two concomitant exchange pathways at work. 26 Spin saturation NMR experiments between the two magnetically inequivalent halves of the assembly shows no spin transfer, suggesting that the capsule remains intact during the guest exchange mechanism. This suggests that partial, rather than complete, dissociation of the host occurs during the guest exchange process. Modeling and computations suggest that this partial rupture process could occur in two ways ( Figure 10 ). In order to create an aperture large enough for guest exchange either two adjacent walls of the assembly (Figure 10a ) or two opposite walls of the assembly ( Figure  10b ) must be opened by rupture of the hydrogen bond.
To further probe the mechanistic details, the substitution of 4,4′-dimethylbiphenyl with incoming guest 4,4′-dimethylstilbene was studied. Due to the larger size of these guests, only one guest molecule is encapsulated. Similar to benzene exchange, the substitution reaction shows concentration dependence but in this case, saturates at high concentrations.
This suggests a change in the ratedetermining step and requires the presence of a well-defined intermediate in the exchange pathway. A likely mechanism for this replacement is that the initial guest (G 1 ) is displaced by a solvent molecule to yield an intermediate with encapsulated solvent (S) (Figure 11 ). This solvent can either be replaced by the initial guest (G 1 ), or a new guest (G 2 ) can displace the solvent molecule. At high concentrations of incoming guest (G 2 ), every intermediate is trapped by the new guest, leading to the observed saturation.
In efforts to further understand the degree of bond-rupture during guest exchange, the role of external hydrogen bond donors and acceptors were explored by addition of varying amounts of protic solvents to preformed host-guest complexes. 27 As the concentration of protic solvent increases, the ability of the host to assemble should decrease. Interestingly, the effects on external hydrogen bond donors or acceptors are dependent on the nature of the guest. While most host-guest complexes were completely dissociated after moderate methanol addition, the complex 4,4′-dimethylstilbene ⊂ 3 remained completely intact even when 2500 equivalents of methanol were present. This observation suggests that the interactions between the host and guest molecules, such as CH-π interactions and π-π stacking play a large role in stabilization of the host-guest complex. Van't Hoff studies on this complex revealed that the encapsulation process is endothermic and entropically driven. Furthermore, the rate of guest ingress and egress of 4,4′-dimethylstilbene ⊂ 3 was monitored in the presence of 12% methanol. Similarly, the rates of association and dissociation of the assembly were monitored. In comparison, the rate of benzene exchange was much faster than the dissociation and recombination rate of the host structure itself, suggesting that the host-structure remains intact during guest exchange. This suggests that partial dissociation of the host molecule occurs, but not complete dissociation. However, in the presence of methanol, the mechanism of guest exchange appears to be different. In this case, the rate of guest ejection (k out ) and capsule dissociation (k diss ) are comparable (k out = 0. . This similarly suggests that complete dissociation of the capsule takes place during guest exchange in the presence of protic solvents.
Metal-Ligand Frameworks
A variety of supramolecular systems have been assembled using metal-ligand interactions. The rational design of such complexes has recently been reviewed. Figure  12 ). For trivalent metal vertices, the assembly has a 12-total charge and forms a compact structure with an interior cavity capable of encapsulating small molecules. The bis-bidentate catechol amide ligand that spans each edge provides strong mechanical coupling between the vertices, forcing the assemblies to be homochiral and adopt either the Δ,Δ,Δ,Δ-or Λ,Λ,Λ,Λ-configuration.
The enantiomers are noninterconverting, stable, and resolvable. 29 The highly anionic character of the M 4 L 6 host allows for exclusive encapsulation of cationic species. Neutral guests lack the electrostatic driving force for encapsulation and more highly charged cationic guests are too strongly solvated to allow for encapsulation. The highly charged assembly is soluble in polar solvents such as H 2 O, MeOH, DMSO, and DMF, but the close proximity of the naphthalene rings provides a hydrophobic interior cavity. This hydrophobic interior is demonstrated by the ability of the M 4 L 6 host to stabilize species otherwise reactive toward water, such as the tropylium cation 30 and trialkylphosphine-acetone adducts. 31 Collaborative efforts between the Raymond and Bergman groups have explored the ability of the M 4 L 6 assembly to act as a medium for reactions taking place inside of the assembly; stoichiometric as well as catalytic reactivities have been accomplished inside of the assembly, as recently reviewed. 32 The structure of the M 4 L 6 assembly suggests that guest molecules are too large to fit through the apertures of the assembly coincident with the C 3 axis of the T symmetric host, providing two possible mechanisms for guest exchange. 33 The first exchange pathway is a constrictive binding mechanism where expansion of the apertures of the assembly allows for guest ingress and egress. The second possible mechanism of guest exchange is rupture of a metal-ligand bond thus forming a large portal for guest exchange ( Figure  13 ). For a series of monocations, the activation parameters and rates of guest exchange have been measured by the Selective Inversion Recovery method discussed above, as well as van't Hoff studies to determine the effective binding constants of guest molecules. 33 As is common in supramolecular assemblies, the encapsulation is entropically favorable, suggesting that solvent reorganization provides the driving force for guest encapsulation. The negative values of ΔS ‡ suggest that bond rupture is not the active mechanism of guest exchange. 34 assemblies produced almost identical rates of exchange, suggesting that guest exchange is not depend on the nature of the metal-ligand interactions of the host.
Having established the mode of guest exchange, the timing of the events during guest exchange was of interest. The highly anionic nature of the assembly allows for the formation of ion pairs with guest molecules, which may or may not be involved in guest exchange.
Leung et. al. reported a mechanistic investigation of the timing of guest exchange and capture for the organometallic guest Cp*(PMe 3 )Ir(Me)(cis-2-butene) + , which is able to C-H activate a variety of substrates inside of the assembly. 36 These studies confirmed that the reactivity was taking place inside of the assembly, not in free solution. Two large, water soluble phosphines were used to trap the iridium guest when it escaped from the interior of the assembly. PTA, a large neutral phosphine, and TPPTS, a large trianionic phosphine, were used as traps. When coordinated to the iridium center, these phosphines make the iridium complex too large to enter the assembly. The difference in charge between the two phosphines allows for probing of the ion-pairing mechanism of guest release. Significantly, the neutral phosphine trap trapped the cationic guest at a much faster rate than the trianionic phosphine trap, suggesting the presence of a tight ion pair intermediate of the cationic iridium guest on the exterior of the 12-assembly ( Figure 14 ). Upon addition of Na + or K + , the rate of capture by the trianionic ligand increased, suggesting that the added cations could help to break up the exterior ion pair. Furthermore, using a model iridium carbonyl compound, the exterior ion-pair was observed by 2D NOESY. From a series of kinetic and thermodynamic analyses, the guest dissociation mechanism in Figure 14 monitoring the product formation of the aza-Cope rearrangement. 12 Enammonium cations are able the enter the assembly and undergo a 3,3-sigmatropic rearrangement followed by hydrolysis. However, it was unknown whether the hydrolysis was taking place inside of the assembly or outside in free solution. If hydrolysis were occurring inside of the assembly, due to the high anionic charge of the host, then water would be the intrinsic nucleophile, whereas if hydrolysis were occurring outside of the assembly, hydroxide would be the nucleophile. Through a series of pH studies as well as kinetics, a similar ion-pair mechanism was proposed as above where the imminium cation egresses from the assembly to form an intimate ion pair with the assembly followed by hydrolysis. At neutral pH, water acts as a nucleophile, but under basic conditions, hydroxide acts as a nucleophile followed by saturation in hydroxide concentration.
Conclusions
The diverse strategies for supramolecular design have yielded a large library of molecules able to reversibly bind guest molecules. Although the structures of these host complexes vary widely, the underlying thermodynamic driving forces for guest encapsulation appear similar. The shared motifs of solvent release from the interior of an 'empty' assembly as well as desolvation of the guest molecule both drive the encapsulation of guest molecules. The theme of constrictive binding appears to be ubiquitous for covalently bonded supramolecular assemblies. For less-rigidly bonded assemblies, the rupture of hydrogen bonds can lead to the formation of larger apertures for guest exchange.
Future mechanistic questions that remain to be answered involve the role of charge in the enthalpic driving force for encapsulation.
The diverse library of supramolecular assemblies ranges from highly anionic, to neutral, to highly cationic structures. The possibility of the intimate ion pair appears to be localized to highly charged species, but external van der Waals contacts may also prove to form a molecular pair mechanism for less charged species. 
